The petrophysical properties characteristic of the sands prone to shallow water flow (SWF) make them identifiable due to their abnormally high Vp/Vs ratios compared to the adjacent rocks. The Vp/Vs inversion procedure identifies anomalies that could be related to SWF sands and it is based on seismic inversion of multicomponent seismic data. The new approach for estimating the Vp/Vs ratio from multicomponent seismic data was evaluated on synthetic logs where the estimated Vp/Vs ratios matched very well the real values. For real ocean bottom cable data (OBC) from GOM, the Vp/Vs inversion procedure was used to estimate Vp/Vs sections that showed clear anomalies that could be related to sand bodies responsible for SWF. These sections are useful for identifying high Vp/Vs ratio zones and could be used to plan a drilling program to prevent SWF during perforation. Preliminary analyses indicate that the methodology has the potential of being a direct hydrocarbon indicator (DHI) as well.
Introduction
In the last few years prospecting for hydrocarbon in deepwater has increased enormously. With these new plays, new problems have emerged. Several articles have been written to describe the new "geohazards" in deep-water projects.
The most dangerous geohazard during drilling operations is known as Shallow Water Flow (SWF). It has been defined as water flowing to the ocean floor on the outside of structural casing (Alberty, 2001 ). This flowing water can erode the structural support of the well and lead to casing buckling and subsequent casing failure. This flow path can also compromise wellbore integrity, which can result in the loss of well control. SWF typically occurs when overpressured sandy zones are penetrated and shallow casing is not bonded to the formation.
When overpressured sands occur, the appropriate drilling technology should be used to prevent losses and future remediation requiring additional expenditures. However, the prediction of such sands is required to plan appropriately the option that will control and/or prevent shallow water flows.
Interpretation of two-dimensional and three-dimensional high-resolution seismic data is becoming the most used technology for identification of geohazards. However, this method is not a direct indicator of SWF sands.
It has been hypothesized (Huffman and Castagna, 2000) that unconsolidated sands that flow during drilling operations have abnormally high Vp/Vs ratios. The use of multicomponent seismic data, previously recorded for petroleum exploration purposes, is used in this project to recognize shallow Vp/Vs ratio anomalies. A methodology that can be used as a direct indicator of overpressured sands, and presents the derived high-resolution Vp/Vs sections for a test line located in deep water in the Gulf of Mexico is described. It has been developed to identify potential Shallow Water Flows sands, however, it could be implemented in hydrocarbon prospecting. This new methodology, based on the appropriate processing and interpretation of pre-stack and post-stack multicomponent seismic data has the potential to be a direct hydrocarbon indicator (DHI) tool more powerful than AVO analysis. We will hereafter refer to the OTC Paper Number 15248
The Vp/Vs Inversion Procedure: A Methodology for Shallow Water Flow (SWF) Prediction from Seismic Analysis of Multicomponent Data.
Carlos Moreno* / The University of Oklahoma, John Castagna / The University of Oklahoma, Alan Huffman / Fusion Petroleum Technologies, and Allen Bertagne / PGS Reservoir Consultants, Inc. methodology described as the "Vp/Vs Inversion Procedure", as it is designed to estimate the Vp/Vs ratio at the seismic scale. It is hoped that such inversion will help to determine possible abnormal zones associated with the Shallow Water Flow phenomena.
Petrophysical Basis of Unconsolidated Sands
According to Alberty (2001) the "geohazard" known as Shallow Water Flow (SWF) has been defined as water flowing to the ocean floor on the outside of structural casing. This flowing water can erode the structural support of the well and lead to casing buckling and subsequent casing failure. This flow path can also compromise wellbore integrity, which can result in loss of well control. It is the geohazard most difficult to control in deepwater operations in the Gulf of Mexico. SWF typically occurs when the overpressured sandy zones are penetrated and a poor cement job is done (casing is not bonded to the formation). Unconsolidated water bearing sands, with abnormal high pressure, are responsible for the SWF problem. Huffman and Castagna (2001) stated that SWF has been observed in water depths from 1500 to 7000 ft between the seabed and 4000 feet below the mudline. The unique conditions where these sands are found make them virtually unconsolidated with very high porosities and very low effective stresses. The range of confining pressure and effective pressure for these sands can be estimated to be between 700-6500 psi and 0-1000 psi respectively.
According to Huffman and Castagna (2000) , in addition to the change in compaction state for deepwater sediments, the severity of SWF may be exacerbated by the presence of structural hyperpressuring, also known as the centroid effect (Traugott and Heppard, 1994) . The concept of structural hyperpressuring suggests that a sand body that has been positioned on a structure or slope will develop a pressure gradient that is hydrostatic, even though the gradient in the surrounding sediments are non-hydrostatic. This effect produces a condition where the up-dip limb of a sand body with large areal extent may have pore pressures that are much higher than the surrounding shales, and can even approach the fracture gradient. Huffman and Castagna (2000) , summarize the deposition and burial process of SWF sands as follows: 1. Sands and shales are deposited on the seabed in a form that resembles a slurry more than a rock; 2. As the materials are buried, they begin to deviate from the Wood's equation and become load-bearing materials with a granular frame that develops rigidity. The porosity point where sediments begin to behave like load-bearing framework solids is termed the "critical porosity" (Marion and Nur, 1989; Marion et al., 1992; Dvorkin and Nur, 1996; Nur et al., 1998; Wempe and Mavko, 2001 ). This change in behavior is an important transition because it also signals the point where the effective stress becomes non-zero in value. 3. As effective stress increases, compaction causes the porosity to decrease and the material becomes more rock-like in its behavior. However, the slower rate of increase in the effective stress in deep water conditions also causes the rate of compaction to decrease, causing these materials to have a relatively higher porosity than materials at the same depth below sea level located at shallow water. Huffman and Castagna (2000) demonstrated that at the depositional conditions for SWF sands modest changes in compressional velocity occur with pore pressure changes. However, small changes in pore pressure will cause large changes in shear wave velocity as the material moves very close to the critical porosity. Under this condition the rigidity, or shear strength, of the material rapidly approaches zero. The combination of these two predictions suggests that the Vp/Vs ratio of these sands may change dramatically under small load changes.
Depositional Environment for SWF Sands

Figure 1 compares this effect for clean sands and shaly sands. Notice that the lower the effective pressure is, the greater the difference between the Vp/Vs ratio for clean sands and the Vp/Vs ratio for shaly sand. Also observe that the shaly sand shown in the graph contains only 8% shale.
Extracting Rock Properties from Seismic Amplitudes
Mapping the physical structure and properties of the subsurface of the earth using measurements made on the surface of the earth is possible throughout geophysical inversion. It is obvious that with real seismic data not only the frequency content and the noise affect the inversion results. There is an important effect of the processing sequence used. A suitable processing sequence that preserves relative amplitudes in the section is required for both pre-stack and post-stack inversion.
A conventional sequence designed to preserve relative amplitudes included but not limited to some of the following steps:
Amplitude compensation (offset and decay) Predictive deconvolution [Paper 15248] It is assumed that every single stack (or migrated) section preserves relative amplitude, the same assumption is required for the pre-stack data. It is also assumed that all pre and post stack data is noise-free.
A methodology to extract the Vp/Vs ratio from multicomponent data was tested in synthetic onedimensional data. The Vp/Vs inversion procedure reconstructed applied to the synthetic traces generated from a geological model reconstructed very well the magnitudes and variations of the estimated Vp/Vs ratios.
The evaluation of the synthetic models indicates that the Vp/Vs inversion procedure could be used with real multicomponent data, even if the amplitudes are not well calibrated between the P-wave seismic data and the PSseismic data and if the processing sequence did not successfully recover the relative vertical amplitudes through the sections. The method by itself calibrates the magnitudes of the calculated velocities.
The Vp/Vs Inversion Procedure
The methodology can be divided in 4 major phases: Combining the equivalent PP and PS impedance sections.
Interpretation: Correlation of equivalent events in PP and Ps Stack Sections.
During this phase some major events interpreted in the PP stack section are converted to PS equivalent time in order to search for a first guess that helps to match equivalent seismic reflection events in PP and PS sections. The horizons interpreted in the PP section and converted to PS time are adjusted to the nearest reasonable event in the PS section. This procedure is interpretative but should be based on modeling combined with interpretation skills. Some of the steps followed during the process are summarized as follows:
1. Interpretation of some seismic events in the PP section. 
Time Stretching: To convert PS time to equivalent PP time.
In order to convert the PS section to PP time it is important to have an excellent correlation of events in both PP and PS stack sections. This conversion is known in the literature as time stretching, even though the final result is actually a compression of the vertical axis of the PS section.
The major assumption for the time stretching is that the PS velocity field converts each event of the PS section to the same depth that the appropriate P wave velocity field would convert the equivalent event to on PP section. In order to perform this operation the following assumptions are needed: a. Both PP and PS sections represent Zero Offset Sections. b. The equivalent reflections in PP and PS time are from the same depth. c. The equivalent thickness (in depth) of a layer interpreted for both PP and PS times is the same. d. For the same equivalent event, PP travels down as P wave and up as P wave, while PS travels down as P wave and up as S wave. It is assumed that the conversion is occurring at the interface.
e. There are no peg legs, etc.
Some of the steps followed during the process are summarized as follows:
a. Calculation of the interval Vp/Vs ratio. The interval Vp/Vs ratio is estimated using the following expression:
TTps Vs Vp
where, ∆TTps and ∆TTpp are the interval travel time between the two horizons for PS and PP where we are interested on estimating the Vp/Vs ratio (Vp/Vs). Figure 3 shows the interval Vp/Vs ratio estimated.
b. Calculation of the PS velocity field.
where, Vp/Vs is estimated and Vp is the P wave velocity field to be used for the time to depth conversion of the PP section. Time to depth conversion of PS section, using the Vps velocity field estimated.
c. Depth to time conversion of PS section in depth, using the Vp velocity field.
The process of stretching the PS section to PP time does not produce any effect in the amplitudes; however, it changes considerably the frequency content of the section.
At this point it is recommended to balance the frequency content and the phase of both PP and PS sections. The filter designed tries to preserve the maximum frequency common for both sections.
Inversion: Estimation of equivalent Impedance section for both PP and PS sections.
Due to the lack of well log information, pre-stack inversion was useful to create "pseudo impedance logs" for both PP and PS datasets. These "pseudo impedance logs" were used to guide the post stack inversion.
The following sequence was used to prepare the selected gathers for the pre-stack inversion:
For PP data: 
Pre-stack inversion
For each CDP location used for inversion, a velocity and a density log were created using the following criteria:
a. Extract interval velocity function in depth for the location: sample rate = 4 m. b. Addion of a random number between (-100,100) to each sample of the velocity function. c. Usage of Gardner equation to estimate density.
Notice that at each CDP location the logs to be input in the pre-stack inversion, for both PP and PS data, will be identical. However, it is expected that the variations of the reflectivity series between PP and PS datasets will cause different output logs from the inversion. Figure 4 shows the input and output logs for the inversion of a CDP
Post-stack inversion:
The logs used for the inversion of the PP and PS stacks were the estimated "pseudo impedance logs. Figure 5 shows the respective PP and PS inverted sections.
Calculation and Interpretation of Vp//Vs ratio:
Combining the equivalent PP and PS impedance sections.
The strategy used to calculate Vp/Vs ratio from the PP and PS impedance sections estimated in section 3.2 is [Paper 15248] [The Vp/Vs Inversion Procedure: A Methodology for SWF Prediction from Seismic Analysis of Multicomponent Data] 5 based in the following assumptions:
a. The propagation in the media is acoustic. b. A relationship between Vp and PP impedance exists. Figure 6 shows the relationship between the interval P-wave velocity extracted from the stacking velocities and the PP impedance. The regression shows the following trend:
c. The mudrock trend (Castagna et al, 1985) estimates Vs: (Huffman and Castagna, 2000) then the methodology shown allows multicomponent seismic data, previously recorded for petroleum exploration purposes, to be used for identifying shallow seismic Vp/Vs ratio anomalies related to the Shallow Water Flow (SWF) phenomena.
3. The Vp/Vs inversion procedure can be classified as a "direct indicator" of petrophysical properties.
4. The methodology presented shows an approach for estimating Vp/Vs ratio from PP and PS seismic data. Requiring pre and post-stack data. 
